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1. 	DESCRIPTION	OF	THE	PHD	THESIS	PROJECT	

1.1	OBJECTIVES	OF	THE	PROJECT	BASED	ON	THE	CURRENT	STATE	OF	THE	ART		

Optical	 imaging	 is	one	of	the	very	rare	technique	that	offers	the	opportunity	to	measure	brain	activity	at	the	
“mesoscopic”	 scale	 (Chemla	 &	 Chavane,	 2010b).	 The	 vast	 majority	 of	 neuronal	 recording	 techniques	 are	
indeed	restricted	to	microscopic	scale	(i.e.	 the	neuron,	 intra	or	extracellular	recordings)	or	macroscopic	scale	
(i.e.	 the	whole	 brain,	 fMRI,	 TEP,	 EEG,	MEG).	Only	 recently	 a	 series	 of	 techniqueal	 advances	 have	 open	 new	
imaging	capacities	at	the	“mesoscopic”	scale	using	optical	recordings	or	dense	multi-electrodes	arrays	(Fig	1).		

	

The	dominating	 theories	of	neuronal	processing	propose	 that	 the	brain	extract	 relevant	 information	 from	 its	
environment	 through	 a	 rapid	 sweep	 of	 feedforward	 activation	 (Carandini,	 2005),	 from	 upstream	 to	
downstream	 areas,	 that	 gradually	 generate	 more	 and	 more	 complex	 functions	 in	 a	 hierarchical	 fast	 and	
efficient	way	(DiCarlo	et	al	2012;	Rust	et	al	2006).	In	this	view,	local	processing	at	each	stages	are	minimal	and	
micro-to-macroscopic	 scales	 is	 thus	 directly	 linked	with	 very	 little	 implications	 of	 network	 operations	 at	 the	
intermediary,	 mesoscopic,	 scale.	 However,	 recent	 anatomical	 studies	 have	 demonstrated	 that	 most	 of	 the	
neuronal	connectivity	occurs	at	 the	millimeter	scale,	 i.e.	 the	mesoscopic	scale	 (Markov	et	al.,	2011).	Second,	
many	 features	 of	 sensory	 processing	 cannot	 be	 explained	 by	 the	 feedforward	 hierarchical	 view	 (Lennie	 &	
Movshon,	 2005;	 Serre	 et	 al	 2007).	 Thus,	 there	 are	 good	 reasons	 to	 believe	 that	 recording	 at	 this	 scale	will	
unveil	new	fundamental	neuronal	operations	that	have	been	overlooked.	In	the	last	decade,	we	have	gained	a	
lot	of	knowledge,	through	the	development	of	two-photon	imaging,	about	operations	that	occur	within	cortical	
columns	(<200um).	Optical	imaging	techniques	give	access	to	another,	complementary	and	wider	spatial	field	
of	view	(Figure	1)	and	offers	 the	possibility	 to	measure	directly	neuronal	activity	at	high	 temporal	 resolution	
through	 the	use	of	 external	 voltage-sensitive	dye	 that	 reflects	 linearly	 changes	of	membrane	potential	 in	 to	
fluorescence	changes	(Fig	2,	adapted	from	Chemla	&	Chavane,	2010b).		

Figure	 1	:	 Resolution	 and	 scale	 (field	 of	 view)	 of	 the	
various	 techniques	 available	 for	 recording	 neuronal	
activity.	The	ideal	technique	(in	black)	would	be	recording	
the	whole	brain	at	the	resolution	of	the	synapse	and	at	the	
millisecond.	We	represent	intracellular	recordings	(INTRA),	
Single	 and	 Multi-Unit	 Activity	 (S/MUA),	 Local	 Field	
Potentials	(LFP),	two	photons	(BI-PH),	Multi-Electode	Array	
(MEA),	 Voltage-Sensitive	 Dye	 Imaging	 (VSDI,	 dark	 blue),	
Optical	 Imaging	 of	 Intrinsic	 Signals	 (OI-IS),	 functional	
Magnetic	 Resonance	 Imaging	 (fMRI),	 Electro	 or	 Magneto	
Encephalic	Imaging	(E/MEG).		
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VSDI	 remains	 the	 only	 technique	 that	 offers	 such	 combination	 of	 spatial	 resolution	 (10	 um),	 temporal	
resolution	 (1ms)	over	a	 large	 field	of	view	(up	to	10mm).	However,	 its	development	has	been	 limited	by	 the	
techniqueal	 difficulties	 to	 achieve	 a	 good	 signal-to-noise	 recording.	 Only	 three	 laboratories	 in	 the	 world,	
including	 INT,	 are	 currently	 using	 this	 promising	 technique	 at	 the	 level	 of	 the	 awake	 non-human	 primate	
(Gonda	Institute,	 Israel;	Austin	University,	USA).	At	 INT,	we	have	worked	intensely	to	further	understand	and	
develop	 the	 technique	 through	 biophysical	models	 (Chemla	&	 Chavane,	 2010a;	 2016)	 and	 signal	 processing	
tools	(Reynaud	et	al	,	2011;	Takerkart	et	al.,	2014).	This	allowed	us	to	demonstrate	the	existence	of	intra-areal	
wave	of	propagations	at	single-trial	level,	that	are	initiated	by	visual	stimulation	and	span	millimiters	of	cortical	
territories	in	the	primary	and	secondary	visual	cortex	(Muller	et	al	2014;	Reynaud	et	al	2012,	Fig	3C).		

However,	 there	 are	 two	 major	 limitations	 in	 the	 expansion	 of	 this	 technique	 and	 its	 capacity	 to	 bridge	
recording	scales	in	neuroscience.	The	first	limitation	comes	from	the	non-planarity	of	the	cortex,	which	limits	
the	optical	access	to	a	small	cortical	region	in	proximity	to	the	center	of	the	field	of	view	(Fig	3AB),	for	which	
the	curvature	can	be	neglected	due	to	the	field	of	depth.	This	limits	strongly	the	region	to	be	imaged,	mostly	
restricted	to	the	primary	visual	cortex	of	macaque	(Fig	3A,	Fig	4)	that	 is	sufficiently	 flat.	The	ability	to	record	
large	brain	regions,	such	as	multiple	areas	at	the	same	time,	is	thus	strongly	limited	by	the	non-planarity	of	the	
cortex:	 Quality	 of	 the	 images	 is	 rapidly	 deteriorating	 in	 the	 periphery	 of	 the	 imaged	 region	 (Fig	 3C	 is	 only	
coming	from	the	center	of	the	image	in	Fig	3B).	This	is	even	more	deleterious	for	more	curved	cortex	of	small	
animals	 (rodents	 or	 other	 small	 monkeys	 such	 as	 the	 marmoset,	 see	 figure	 4)	 that	 are	 becoming	 now	 the	
dominant	animal	models	in	Neuroscience	because	of	the	ability	to	use	genetic	approaches.	In	such	models,	the	
brain	 is	 lissencephalic	 (Fig	 4	 right)	 and	 hence	 all	 cortical	 brain	 areas	 are	 on	 the	 surface.	 As	 a	 consequence,	
methods	that	could	compensate	for	such	curvature	would	enable	the	recording	of	the	whole	visual	system	at	

1. Introduction

Optical imaging comes within the scope of new imaging tech-
niques that allow us to visualize the functioning brain at both high
spatial and temporal resolutions. Specifically, there are two tech-
niques mostly used in vivo (see Grinvald et al. (1999) for a detailed
review); the first is based on intrinsic signals, and the second is
based on voltage-sensitive dyes (VSDs). In this review, we focus
on the second technique, aiming at better understand the origin
of the optical signal. Extensive reviews of VSDI have been pub-
lished elsewhere (e.g. Grinvald et al., 2004; Roland, 2002).
Although the underlying mechanism of this optical method is now-
adays well understood, the recorded signal remains very complex
and it seems difficult to isolate the contributions from its different
components. This review suggests modeling as the appropriate
solution. Few models of the VSD signal exist that help to under-
stand the optical signal in terms of functional organization and
dynamics of a population neural network. A closer interaction be-
tween VSDI experimentalists and modelers is desirable.

In the first part of this review, we give a general introduction to
VSDI, followed by examples of applications to brain imaging. We
compare in vitro and in vivo recordings obtained with VSDI in sev-
eral animal studies. In a second part, we make the underlying lim-
itations of this method explicit: what does the VSD signal
measure? A question that is not completely answered in the liter-
ature. Finally, this review shows the benefit of brain activity mod-
eling for optical signal analysis. Models of VSDI measures are
reported. We both address what has already been done and what
will be interesting to do in order to interpret the origins of the opti-
cal imaging signal.

2. VSDI for beginners

2.1. General principle

VSDI offers the possibility to visualize, in real time, the cortical
activity of large neuronal populations with high spatial resolution
(down to 20—50 lm) and high temporal resolution (down to the
millisecond). With such resolutions, VSDI appears to be the best

technique to study the dynamics of cortical processing at neuronal
population level.

This invasive technique is also called ‘‘extrinsic optical imaging”
because of the use of voltage-sensitive dyes (Cohen et al., 1974;
Ross et al., 1977; Waggoner and Grinvald, 1977; Gupta et al.,
1981). After opening the skull and the dura mater of the animal,
the dye molecules are applied on the surface of the cortex
(Fig. 1A). They bind to the external surface of the membranes of
all cells without interrupting their normal function and act as
molecular transducers that transform changes in membrane po-
tential into optical signals. More precisely, once excited with the
appropriate wavelength (Fig. 1B), VSDs emit instantaneously an
amount of fluorescent light that is function of changes in mem-
brane potential, thus allowing for an excellent temporal resolution
for neuronal activity imaging (Fig. 1C). The fluorescent signal is
proportional to the membrane area of all stained elements under
each measuring pixel.

‘‘All elements” means all neuronal cells present in the cortex
but also all non-neuronal cells, like glial cells (see Section 3.1 for
more details). Moreover, neuronal cells include excitatory cells
and inhibitory cells, whose morphology and intrinsic properties
are quite different (see Salin and Bullier (1995) for a review on
the different type of neurons and connections in the visual cortex).
Furthermore, each cell has various compartments, including den-
drites, somata and axons. The measured signal thus combine all
these components, which are all likely to be stained in the same
manner. The dye concentration is only depending on the depth of
the cortex.

The fluorescent signal is then recorded by the camera of the
optical video imaging device and displayed as dynamic sequences
on computer (see Fig. 1). The submillisecond temporal resolution is
reached by using ultra sensitive charge-coupled device (CCD) cam-
era, whereas the spatial resolution is limited by optical scattering
of the emitted fluorescence (Orbach and Cohen, 1983).

2.2. Optical imaging of neuronal population activity

2.2.1. General history
The earliest optical recordings were made, at the single neuron

level, both from cultured cells (Tasaki et al., 1968) and from various
invertebrate preparations like ganglia of the leech (Salzberg et al.,
1973), or the giant axon of the squid (Davila et al., 1973). For all
other VSDI experiments, the VSD signal has a neuronal population
resolution.

The VSDI method has then been used in vitro on brain slices,
mainly in rodent and ferret. It allowed to optically record from
the hippocampus (Grinvald et al., 1982), the visual cortex (Bolz
et al., 1992; Albowitz and Kuhnt, 1993; Nelson and Katz, 1995;
Yuste et al., 1997; Contreras and Llinas, 2001; Tucker and Katz,
2003a; Tucker and Katz, 2003b), the somatosensory cortex (Yuste
et al., 1997; Antic et al., 1999; Contreras and Llinas, 2001; Petersen
et al., 2001; Jin et al., 2002; Laaris and Keller, 2002; Berger et al.,
2007) and from the auditory cortex (Jin et al., 2002; Kubota
et al., 2006).

The salamander, largely used in vitro (Orbach and Cohen, 1983;
Cinelli and Salzberg, 1992), was the first species also used in vivo
for studying the olfactory system using VSDI (Orbach and Cohen,
1983), followed by the frog for the visual system (Grinvald et al.,
1984), and the rodent for the somatosensory system. Indeed, initial
in vivo studies of the somatosensory cortex have been made in
anesthetized rodents, taking advantage of the thinness of the cor-
tical dura (Orbach et al., 1985). More recently, VSDI in freely mov-
ing mice has also been performed with success (Ferezou et al.,
2006).

Rodent and ferret were also used for studying the visual cortex
in vivo (Roland et al., 2006; Lippert et al., 2007; Xu et al., 2007;

Fig. 1. VSDI principle in three steps. The imaging chamber allows a direct access of
the primary visual cortex V1 represented as a patch of cortex with its six layers. (A)
The dye, applied on the surface of the cortex, penetrates through the cortical layers
of V1. (B) All neuronal and non-neuronal cells are now stained with the dye and
when the cortex is illuminated, the dye molecules act as molecular transducers that
transform changes in membrane potential into optical signals. (C) The fluorescent
signal (red arrow) is recorded by a CCD camera.

S. Chemla, F. Chavane / Journal of Physiology - Paris 104 (2010) 40–50 41

Figure	2:	Voltage-sensitive	dye	imaging	principle	in	three	steps.	
The	imaging	chamber	allows	a	direct	access	of	the	primary	visual	
cortex	V1	represented	as	a	patch	of	cortex	with	its	six	layers.	(A)	
The	 dye,	 applied	 on	 the	 surface	 of	 the	 cortex,	 penetrates	
through	 the	 cortical	 layers	 of	 V1.	 (B)	 All	 neuronal	 and	 non-
neuronal	cells	are	now	stained	with	the	dye	and	when	the	cortex	
is	 illuminated,	 the	 dye	molecules	 act	 as	 molecular	 transducers	
that	 transform	 changes	 in	 membrane	 potential	 into	 optical	
signals.	 (C)	 The	 fluorescent	 signal	 (red	 arrow)	 is	 recorded	 by	 a	
CCD	camera.	

	

Figure	 3:	 VSD	 imaging	 in	 the	 awake	monkey	 to	 reveal	 propagating	 waves.	 A.	MRI	 reconstruction	of	a	brain	 of	 a	macaque	monkey	
viewed	from	the	posterior-right	side.	The	early	visual	cortices	are	at	the	posterior	(P)	part	of	the	brain	around	the	lunate	sulcus	(ls).	The	
region	imaged	is	outlined	by	a	black	circle.	B.	The	vasculature	pattern	of	the	region	outlined	in	A	as	captured	by	the	camera.	This	image	
part	of	the	primary,	secondary	and	fourth	visual	cortex	(V1,	V2	and	V4	respectively).	A	:	Anterior,	P	:	Posterior,	M	:	Medial,	L	:	Lateral.	C.	
Analysis	of	the	phase	latency	of	an	evoked	response	reveal	the	emergence	of	propagating	waves	in	V1	and	V2.		
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once,	from	the	primary	to	the	fifth	visual	cortices	(V1	to	V5	in	Figure	4),	bringing	such	imaging	tool	closer	to	the	
ideal	 technique	 presented	 in	 Figure	 1.	 The	 second	 limitation	 is	 coming	 from	 the	 signal-to-noise	 which	 is	
strongly	 contaminated	 by	 the	 dynamic	 evolution	 of	 the	 brain	 curvature	 due	 to	 physiological	 rhythms	 (heart	
beat,	breathing),	which	create	perturbation	at	0.1-20Hz	(Reynaud	et	al.,	2011).	This	strongly	limits	our	ability	to	
work	at	single-trial	that	is	required	to	relate	brain	activity	to	the	animal	behavior.	Not	only	the	animal	behavior	
is	 idiosyncratic	 but	 the	 brain	 activity	 itself	 is	 also	 strongly	 variable.	 Recent	 studies	 show	 that	 the	 brain	 is	
dynamically	 evolving	 at	 “rest”	 and	 that	 spontaneous	 activity	 affects	 the	 evoked	 activity	 (Arieli	 et	 al	 1996;	
Berkes	 et	 al	 2011).	 Hence,	 accessing	 single	 trial	 level	 is	 crucial	 to	 unravel	 the	 real	 dynamics	 of	 neuronal	
processing	(Muller	et	al	2014).	

	

To	overcome	these	limits	and	explore	single-trial	brain	activity	at	new	scales,	we	propose	an	 interdisciplinary	
approach	 at	 the	 border	 between	 technologies	 issued	 from	 astronomic	 instrumentation	 (curved	 detector,	
adaptive	 optic,	 real-time	wave	 front	 analysis	 and	 control)	 and	optical	 imaging	 to	 dynamically	 de-curve	 the	
optical	 access	 to	 the	 cortical	 surface.	 These	 techniques	 are	mastered	 by	 the	 LAM	 and	ONERA	 (Hugot	 et	 al	
2016)	and	their	application	to	Neuroscience	mastered	by	the	INT.	We	are	convinced	that	this	collaboration	will	
allow	to	overcome	technological	roadblocks	to	offer	innovative	research	perspectives	by	imaging	for	the	first	
time	multiple	cortical	areas	with	high	spatio-temporal	resolution	and	at	the	single	trial.	Such	breakthrough	will	
open	new	unexplored	 lines	of	 research	 such	as	how	neuronal	 interactions	distributed	at	multiple	 scales	 and	
areas	are	dynamically	shaping	the	parallel	processing	and	representation	of	sensory	information.	Importantly,	
this	 development	 can	 also	 help	 to	 improve	 medical	 imaging.	 This	 can	 be	 easily	 implemented	 through	 the	
interaction	 with	 ONERA,	 OPTITEC	 and	 thanks	 to	 the	 clinical	 research	 performed	 at	 INT.	 In	 particular,	
ophthalmologists	 of	 the	 Timone	 and	 Nord	 hospitals	 (Profs	Matonti,	 Hoffart)	 belong	 to	 Chavane’s	 team	 and	
perform	together	original	clinical	research	(Matonti,	Roux,	Denis,	Picaud,	&	Chavane,	2015;	Pham	et	al.,	2013;	
Roux	et	al.,	2016)	that	could	greatly	benefit	from	these	advances.			

1.2	METHODOLOGY		

The	proposed	activities	of	this	PhD	student	are	separated	into	several	research	axes.		

The	PhD	student	will	start	by	exploring	different	optical	designs	strategies	able	to	image	a	curved	focal	plane,	
with	 a	 uniform	 illumination.	 A	 bibliography	 step	 is	 mandatory	 here,	 coupled	 with	 reflections	 at	 LAM	 with	
experts	of	optical	designs.	In	particular,	Wilfried	Jahn	has	already	investigated	several	options	for	illumination	
and	 optical	 design	 that	 will	 provide	 relevant	 initial	 information	 (Jahn	 et	 al,	 JRIOA	 2016).	 The	 two	 main	
properties	of	the	optical	design	are	the	following	ones:		
• Compensate	for	the	static	component	of	the	curvature,	given	by	the	global	shape	of	the	brain	area	imaged.	

The	 fine	 adjustment,	 as	 well	 as	 the	 temporal	 evolution	 of	 the	 brain	 curvature,	 will	 be	 ensured	 by	 the	
adaptive	curved	detector.		

• Ensure	a	uniform	illumination	on	this	area,	giving	a	good	contrast	for	imaging.		

Figure	 4:	 Difference	 of	 size	 and	 curvature	
between	a	macaque	(left)	and	marmoset	(right)	
brain.	 Early	 visual	 areas,	 from	primary	 to	 fifth	
visual	 cortex	 (V1-V5)	 are	 approximately	
delineated.	Note	that	V3	and	V5	and	hidden	in	
sulci	in	the	macaque	brain		
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The	 second	axis	 is	 to	develop	a	sensing	method	 able	 to	measure	 the	curvature	of	 the	brain	 in	a	 focal-plane	
image.	This	step	will	be	assessed	with	the	expertise	of	ONERA	on	the	subject	of	wave-front	sensing	and	optical	
images	 processing.	 In	 particular,	 the	 focal-plane	 wave-front	 analysis	 (Blanc	 et	 al	 2003,	Mugnier	 et	 al	 2004,	
Sauvage	 et	 al	 2007)	 is	 a	 powerful	 tool	 developed	 for	 astronomy	 at	 ONERA	 in	 order	 to	measure	 the	 optical	
aberrations	in	a	focal-plane	image.	As	the	curvature	can	be	assimilated	to	a	defocus,	this	technique	is	perfectly	
able	 to	 measure	 the	 curvature	 in	 a	 brain	 image.	 Some	 data	 sets	 acquired	 at	 INT	 on	 real	 macaque	 brains,	
including	curvature	and	fluctuation	will	help	to	develop	the	most	pertinent	method.	The	PhD	student	will	help	
to	collect	these	important	dataset.		

In	an	 intermediate	 term,	 the	PhD	student	will	work	will	benefit	 from	the	development	of	a	demonstrator	at	
LAM	with	a	curved	detector	and	optimized	 illumination.	The	demonstrator	bench	 is	 foreseen	to	use	artificial	
brains	issued	from	3D	printing	(Erreur	!	Source	du	renvoi	introuvable.)	of	high-field	MRI	acquired	on	macaque	
brain.		

In	parallel	to	the	work	at	the	LAM,	the	PhD	work	will	regularly	participate	to	data	acquisition	at	 INT	with	the	
existing	cortical	 imaging	system,	 in	the	rodent	and	non-human	primate	(PNH).	These	tests	will	provide	of	the	
student	with	a	solid	understanding	of	the	constraints	of	in	vivo	experimentations.	It	will	also	allow	making	more	
accurate	estimations	of	the	curvature	and	its	temporal	changes.	At	the	end	of	the	PhD,	the	demonstrator	will	
be	 brought	 to	 the	 INT	 for	 direct	 measures	 in	 real	 in	 vivo	 conditions	 and	 the	 PhD	 student	 will	 be	 strongly	
involved	in	this	final	step.	

1.3	WORK	PLAN	

The	work	plan	is	described	also	in	1.2	and	the	Gantt	chart	below	describes	it	in	time:		

	 2017	 2018	 	 	 	 2019	 	 	 	 2010	 	 	
	 oct	 jan	 apr	 jul	 oct	 jan	 apr	 jul	 oct	 jan	 apr	 jul	
Optical	Design	
Exploration	and	Data	
analysis	

	 	 	 	 	 	 	 	 	 	 	 	

Optical	artificial	
benchmark	

	 	 	 	 	 	 	 	 	 	 	 	

Validation	on	
Demonstrator		

	 	 	 	 	 	 	 	 	 	 	 	

First	test	in	vivo	rodent	 	 	 	 	 	 	 	 	 	 	 	 	 	
Recording	PNH	 	 	 	 	 	 	 	 	 	 	 	 	
Writing	articles	and	PhD	 	 	 	 	 	 	 	 	 	 	 	 	 	

1.4 SUPERVISORS	AND	RESEARCH	GROUPS	DESCRIPTION		

INT	(Institut	de	Neurosciences	de	la	Timone,	UMR7289,	CNRS,	Aix-Marseille	Université)	is	a	research	Institute	
promoting	 integrative	 and	 clinical	 neurosciences.	 This	 Joint	 Research	 Unit	 between	 Aix-Marseille	 University	
(AMU)	and	CNRS	has	open	January	2012.	Composed	of	10	research	teams	(about	130	peoples	including	50	staff	
members),	 it	 is	 one	 of	 the	 largest	 French	 institutes	 for	 integrative	 neurosciences,	with	 strong	 links	with	 the	
University	Hospital.	The	INT	 is	one	of	the	 largest	European	sites	for	research	 in	non-human	primates	with	10	
permanent	researchers	working	on	that	model	and	a	permanent	on-site	veterinarian	(I.	Balansard).	Recently,	

Figure	5:	High-Field	MRI	
acquired	on	macaque	
brain	[left]	and	plastic	3D	
printing	at	scale	1:1	at	
LAM	[right].	
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the	 INT	has	opened	an	 in	vivo	photonic	 imaging	(INPHIM,	resp.	 I.	Vanzetta)	platform	with	multiple	set-ups	 in	
optical	 imaging	 (anesthetized	and	awake	NHP),	 two-photon	microscopy	 (in	 vivo	 and	 in	 vitro),	ophthalmology	
investigation,	confocal	microscopy.	To	be	noted	that	it	is	the	only	laboratory	in	Europe	that	is	able	to	operate	
voltage-sensitive	dye	imaging	in	awake	NHP.		

LAM	 (Laboratoire	 d'Astrophysique	 de	 Marseille	 UMR7326	 -	 CNRS-INSU,	 Aix-Marseille	 Université)	 is	 an	
astrophysical	 laboratory	 involved	 in	 the	development	of	 instrumentation	 for	space	and	ground	observatories	
since	decades.	In	particular,	the	Research	and	Development	group	(GRD)	has	a	leading	role	in	the	development	
of	 innovative	 optics	 for	 future	 astronomical	 instrumentation	 and	 transverse	 applications.	 LAM	 has	 led	 the	
development	of	curved	detectors	at	 the	European	scale	 for	 the	 last	5	years	 together	with	CEA-LETI,	and	 this	
technology	reaches	now	maturity	and	is	particularly	suited	for	the	current	project.	

ONERA	(Office	National	d’Etudes	et	de	Recherches	Aérospatiales)	is	recognized	since	30	years	as	a	worldwide	
leader	in	the	field	of	adaptive	optics	and	post	processing	for	astronomical	instrumentation.	In	particular	ONERA	
developed	NAOS	(Nasmyth	Adaptive	Optics	System),	the	first	AO	system	for	astronomy,	and	was	the	head	of	
the	XAO	system	of	SPHERE.	In	parallel	to	astronomy,	ONERA	developed	activities	in	the	field	of	high	resolution	
imaging	for	defense,	telecommunications	and	bio-medical	imaging	(high	resolution	imaging	of	the	retina).		

To	 be	 noted,	 the	 demonstrator	 and	 its	 development	 are	 part	 of	 another	 grant	 request	 (Amidex	 -	
interdisciplinary)	by	the	current	consortium,	the	PhD	student	will	provide	key	components	(optical	design	and	
wave-front	sensing	method)	of	 the	demonstrator.	The	presence	of	 the	demonstrator	 is	an	advantage	for	 the	
PhD,	but	is	not	a	critical	for	the	finalization	of	the	PhD	project.	

2.	3I	DIMENSIONS	AND	OTHER	ASPECTS	OF	THE	PROJECT	

2.1 INTERDISCIPLINARY	DIMENSION		

This	project	is	rooted	by	an	interdisciplinary	approach;	it	relies	on	the	application	of	the	knowledge	and	know-
how	in	curved	detector	and	adaptive	optics	by	the	LAM	to	optical	imaging	of	brain	activity	by	the	INT.	This	will	
lead	 to	 a	 long-term	 collaboration	 in	 optimizing	 imaging	 capacities	 that	 can	 have	 strong	 implications	 in	 the	
neuroscience	field	and	medical	imaging.			

Frédéric	 Chavane	will	 define	 the	project	needs,	 id	 est	 the	 identification	of	 the	 applications	of	 the	project	 in	
term	of	fundamental	research.	His	expertise	in	optical	imaging	and	of	the	primate	visual	system	will	ensure	an	
optimal	 estimation	 of	 the	 parameters	 and	 transfer	 to	 the	 neuroscience	 research.	 F.	 Chavane	 is	 also	 the	 co-
director	 of	 the	 Neuroscience	 PhD	 program	 in	 AMU	 that	will	 allow	 the	 PhD	 student	 to	 benefit	 from	 a	 good	
formation	 in	 the	 field	 of	 Neuroscience.	 The	 INT	 will	 provide	 the	 environment	 in	 terms	 of	 animal	 facility,	
veterinarian	 supervision,	 experimental	 set-ups,	 for	 providing	 the	 important	 dataset	 and	 testing	 the	 final	
demonstrator	 on	 various	 animal	models.	 The	 project	 will	 also	 benefit	 from	 the	 expertise	 of	 Dr	 I.	 Vanzetta,	
another	 renowned	 expert	 of	 the	 optical	 imaging	 techniques	 family.	 Furthermore,	 INT	 has	 many	 experts	 of	
other	modalities,	 and	 the	 current	 development	 could	 be	 further	 extended	 to	 other	 brain	 areas,	 such	 as	 the	
motor	cortex	(Dr	T.	Brochier).	Lastly,	thanks	to	his	unique	insertion	in	the	Medical	University	Campus	and	his	
collaboration	with	CERIMED,	the	INT	has	an	ideal	position	for	transferring	this	work	to	medical	application.			

Jean-Francois	 Sauvage	 will	 lead	 the	 instrumental	 research,	 and	 ensure	 that	 the	 methods	 and	 techniques	
developed	will	 reach	the	neuroscience	research	needs.	He	will	provide	 the	expertise	 in	 image	 formation	and	
image	modelling	for	the	measurement	of	the	field	curvature	from	focal-plane	image,	and	finally	he	willensure	
the	dynamic	aspects	of	the	control	loop	to	compensate	the	temporal	evolution.	 	The	LAM	will	be	in	charge	to	
transfer	 its	 knowledge	 in	new	optical	 instrumentation,	 as	 image	 formation	 and	modelling,	 curved	detectors,	
active/adaptive	optics	 loops,	wavefront	sensing,	etc.,	 to	the	medical	 imaging	domain	via	strong	collaboration	
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with	 researchers	at	 INT.	This	will	 include	 to	provide	human	 (PhD	thesis	co-supervisor,	 researchers,	etc..)	and	
technical	resources,	as	for	instance	an	optical	bench	for	the	demonstrator,	to	ensure	this	very	interesting	goal.	
The	 LAM	will	 act	 as	 a	 major	 actor	 of	 this	 interdisciplinary	 program,	 as	 technological	 transfer	 activities	 and	
dissemination	are	one	of	the	objectives	of	the	laboratory.		

2.2	INTERSECTORAL	DIMENSION:		
The	OPTITEC	 competitivity	 pole	 is	 a	 photonic	 and	 imaging	 cluster	 at	 a	 European	 level	 and	 recognized	 in	 the	
south-east	 part	 of	 France.	OPTITEC	 federates	more	 than	 130	 enterprises	 from	 startup	 to	 small	 and	medium	
innovative	 enterprises,	 with	 the	 large	 groups	 and	 other	 academic	 reference	 partners.	 OPTITEC	 is	 the	
intersectoral	 partner	 in	 the	 thesis	 partner,	 which	 allowed	 the	 different	 actors	 to	 meet	 around	 this	 new	
technology	and	to	 initiate	this	project.	Optitec	supports	this	project	as	 it	clearly	 fits	 in	 its	strategical	domain:	
"Scientific	and	medical	instrumentation".	
In	particular,	OPTITEC	will	be	a	major	partner	allowing	for:	

- The	valorization	of	the	PhD	work	and	results	
- Integration	of	the	PhD	student	in	the	academic	and	industrial	network	of	south	of	France	
- Support	the	mounting	of	an	Amidex	project	to	develop	the	demonstrator	

Among	 the	 Regional	 objectives	 (SRI-S3	 objectives),	 the	 project	 addresses	 the	 strategic	 domain	 "Health	 &	
alimentation",	as	 it	aims	at	developing	 innovative	technologies	for	medical	research.	Moreover,	 it	 focuses	on	
the	development	of	photonics	and	its	biomedical	application,	one	of	the	identified	key	enabling	technology.	

2.2 INTERNATIONAL	DIMENSION:		

The	different	contributors	to	the	project	(INT,	LAM,	ONERA)	are	leading	several	international	collaborations	in	
their	 respective	 fields.	 In	 particular,	 ONERA	 and	 LAM	 are	 involved	 in	 regular	 and	 strong	 collaborations	with	
Italy,	Germany,	US	laboratories.	INT	has	collaborations	and	links	with	many	laboratories	in	the	world	using	the	
optical	imaging	method	and	can	therefore	disseminate	the	results	of	this	PhD.	International	partners,	such	as	
the	Salk	institute,	specialists	of	the	marmoset	model	are	also	interested	in	the	results	of	this	PhD	since	it	would	
allow	them	to	use	unprecedented	imaging	capacities.	The	PhD	student	will	therefore	naturally	benefit	from	this	
status.		

In	 addition	 to	 this,	 the	 PhD	 student	 will	 be	 sent	 to	 international	 conferences	 in	 photonics	 (Photonic	 West	
(SPIE),	BIOS)	and	in	Neurosciences	(the	annual	Neuroscience	Meeting	Conference).		

	

3.	RECENT	PUBLICATIONS	
	
From	INT:		
Chemla,	S.,	&	Chavane,	F.	(2010a).	A	biophysical	cortical	column	model	to	study	the	multi-component	origin	of	

the	VSDI	signal.	NeuroImage,	53(2),	420–438.		
Chemla,	S.,	&	Chavane,	F.	(2010b).	Voltage-sensitive	dye	imaging:	Technique	review	and	models.	Journal	of	

Physiology-Paris,	104(1-2),	40–50	
Chemla,	S.,	&	Chavane,	F.	(2016).	Effects	of	GABAA	kinetics	on	cortical	population	activity:	Computational	

studies	and	physiological	confirmations.	Journal	of	Neurophysiology.	
Deneux,	T.,	Takerkart,	S.,	Grinvald,	A.,	Masson,	G.	S.,	&	Vanzetta,	I.	(2012).	A	processing	work-flow	for	

measuring	erythrocytes	velocity	in	extended	vascular	networks	from	wide	field	high-resolution	optical	
imaging	data.	NeuroImage,	59(3),	2569–2588	
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Jancke,	D.,	Chavane,	F.,	Naaman,	S.,	&	Grinvald,	A.	(2004).	Imaging	cortical	correlates	of	illusion	in	early	visual	
cortex.	Nature,	428(6981),	423–426.		

Muller,	L.,	Reynaud,	A.,	Chavane,	F.,	&	Destexhe,	A.	(2014).	The	stimulus-evoked	population	response	in	visual	
cortex	of	awake	monkey	is	a	propagating	wave.	Nature	Communications,	5,	3675.		

Reynaud,	A.,	Masson,	G.	S.,	&	Chavane,	F.	(2012).	Dynamics	of	Local	Input	Normalization	Result	from	Balanced	
Short-	and	Long-Range	Intracortical	Interactions	in	Area	V1.	Journal	of	Neuroscience,	32(36),	12558–12569.		

Reynaud,	A.,	Takerkart,	S.,	Masson,	G.	S.,	&	Chavane,	F.	(2011).	Linear	model	decomposition	for	voltage-
sensitive	dye	imaging	signals:	Application	in	awake	behaving	monkey.	NeuroImage,	54(2),	1196–1210.		

Roux,	S.,	Matonti,	F.,	Dupont,	F.,	Hoffart,	L.,	Takerkart,	S.,	Picaud,	S.,	et	Chavane,	F	(2016).	Probing	the	
functional	impact	of	sub-retinal	prosthesis.	eLife,	5.		

Takerkart,	S.,	Katz,	P.,	Garcia,	F.,	Roux,	S.,	Reynaud,	A.,	&	Chavane,	F.	(2014).	Vobi	One:	a	data	processing	
software	package	for	functional	optical	imaging.	Frontiers	in	Neuroscience,	8.		

Vanzetta,	I.,	Slovin,	H.,	Omer,	D.	B.,	&	Grinvald,	A.	(2004).	Columnar	resolution	of	blood	volume	and	oximetry	
functional	maps	in	the	behaving	monkey;	implications	for	FMRI.	Neuron,	42(5),	843–854.		

	
From	LAM	:		
Emmanuel	Hugot,	Wilfried	Jahn,	Bertrand	Chambion,	et	al	"Flexible	focal	plane	arrays	for	UVOIR	wide	field	

instrumentation",	Proceedings	of	SPIE	on	Astronomical	Telescopes	and	instrumentation	(2016)	
J.-F.	Sauvage,	T.	Fusco,	C.	Petit	et	al,	SAXO:	the	extreme	adaptive	optics	system	of	SPHERE	(I)	system	overview	

and	global	laboratory	performance,	Journal	of	Astronomical	Telescopes,	Instruments,	and	Systems,	Volume	
2,	id.	025003	(2016).	

L.	M.	Mugnier,	T.	Fusco,	and	J.-M.	Conan.	MISTRAL:	a	myopic	edge-preserving	image	restoration	method,	with	
application	to	astronomical	adaptive-optics-corrected	long-exposure	images.	J.	Opt.	Soc.	Am.	A,	
21(10):1841–1854,	October	2004	

A.	Blanc,	L.	M.	Mugnier,	and	J.	Idier.	Marginal	estimation	of	aberrations	and	image	restoration	by	use	of	phase	
diversity.	J.	Opt.	Soc.	Am.	A,	20(6):1035–1045,	2003	

Sauvage,	J-F;	Fusco,	Thierry;	Rousset,	Gérard;	Petit,	Cyril.	Calibration	and	precompensation	of	noncommon	path	
aberrations	for	extreme	adaptive	optics,	Journal	of	the	Optical	Society	of	America	A,	2007	

	
Shared	publication:		
W.	Jahn,	J.-F.	Sauvage,	T.	Fusco,	F.	Chavane,	S.	Roux,	E.	Hugot,	M.	Ferrari,	Imagerie	corticale	:	une	approche	

optique	innovante,	Journées	Recherche	Industrie	de	l’Optique	Adaptative	2016.		
	

4.	EXPECTED	PROFILE	OF	THE	CANDIDATE	
	
The	candidate	should	have	an	instrumental	background,	able	to	deal	with	various	skills	from	optical	design	to	
experimentation,	to	image	processing	and	complex	optical	systems.	Typically	an	optical	or	physical	engineering	
school	could	be	a	relevant	orientation.	in	particular	the	following	topics	are	mandatory:	

- Fourier	optics,	optical	design,	optical	aberrations,		
- Signal	and	image	processing	
- Experimental	lab	work	

In	addition	to	these	skills,	the	PhD	subject	is	part	of	a	larger	collaboration	between	INT,	LAM	and	ONERA.	This	
collaboration	 involves	different	teams	and	work	 locations	 (half	 in	LAM	and	half	 in	 INT).	The	candidate	should	
have	easy	relationship	with	people	from	different	scientific	horizons.		

As	the	context	is	a	fundamental	and	medical	research	application,	the	candidate	should	also	present	an	interest	
to	the	Neuroscience	domain.	More	particularly,	a	willingness	to	participate	actively	to	in-vivo	experimentation	
will	be	a	serious	advantage.		
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5.	SUPERVISORS’	PROFILES	

Frederic	Chavane	(45	y	old),	co-supervisor	of	the	PhD,	is	DR2	(CNRS)	and	head	of	the	InViBe	team	at	the	Institut	
de	Neuroscience	de	la	Timone	(INT,	UMR7289).	He	is	also	the	co-director	of	the	Aix-Marseille	University	PhD	
program	 in	 Neuroscience.	 He	 is	 an	 expert	 of	 cortical	mechanisms	 of	 visual	 processing,	 at	microscopic	 scale	
using	 intracellular	 recording	 (PhD	 in	 1999)	 and	 at	 mesoscopic	 scale	 using	 optical	 imaging	 (post-doc	 at	
Weizmann	 Institute	–	Marie	Curie	 fellow).	He	and	 I.	 Vanzetta	have	set	up	 in	 InViBe	 team	the	only	European	
real-time	 imaging	 system	 operated	 in	 awake,	 behaving	 monkeys.	 He	 has	 co-authored	 about	 30	 research	
articles,	 including	 papers	 in	 Science,	Nature,	Neuron	 and	Nature	Communication.	He	has	 developed	 a	 lot	 of	
efforts	 in	 developing	methods	 to	 improve	 the	 optical	 imaging	 signal	 both	 using	 computational	 models	 and	
signal	processing	tools.	 	

Academic record 2015   Accreditation to supervise research (HDR) 
   1999   Ph.D. in Neurosciences 
   1991-1995 Student of the ENS Cachan – Magistère ENS Ulm 
Positions  2016  Research Director at CNRS 
   2012-present Team Leader INVIBE 
   2012-present co-director of the Ph.D. program in Neurosciences of AMU 
   2003-2016 Researcher at CNRS 
   1999-2002 Post-Doc at Weizmann Institute with A. Grinvald 
   1995-1999 Ph.D. student at CNRS, Gif-sur-Yvette with Y. Frégnac 
Recent prize awards 2015   CNRS reward for doctoral and research supervision  

2014  Prize of « Fondation de l’oeil - Fondation de France» (50k€) 
2012  Prize of Philippe foundation (Sabbatical in T. Movshon (NYU)) 

Recent grants  2016-2020  ANR TRAJECTORY 240 k€ (PI) 
2013-2017  ANR BALAV1 185 k€   (local PI)  
2015-2018 collaboration contract with vect-horus – 60 k€ 

6	PhD	students	supervised	or	co-supervised.	No	Ph.D.	currently	supervised	

Recent publications with PhD students (in bold): 
Chemla,	S.,	&	Chavane,	F.	(2010a).	A	biophysical	cortical	column	model	to	study	the	multi-component	origin	of	

the	VSDI	signal.	NeuroImage,	53(2),	420–438.		
Chemla,	 S.,	 &	 Chavane,	 F.	 (2010b).	 Voltage-sensitive	 dye	 imaging:	 Technique	 review	 and	models.	 Journal	 of	

Physiology-Paris,	104(1-2),	40–50.		
Chemla,	 S.,	 &	 chavane,	 F.	 (2016).	 Effects	 of	 GABAA	 kinetics	 on	 cortical	 population	 activity:	 Computational	

studies	and	physiological	confirmations.	Journal	of	Neurophysiology.	
Hoffart,	 L.,	Matonti,	 F.,	 Conrath,	 J.,	Daniel,	 L.,	 Ridings,	B.,	Masson,	G.	 S.,	&	Chavane,	 F.	 (2010).	 Inhibition	of	

corneal	neovascularization	after	alkali	burn:	comparison	of	different	doses	of	bevacizumab	in	monotherapy	
or	associated	with	dexamethasone.	Clinical	&	Experimental	Ophthalmology,	38(4),	346–352.	

Matonti,	F.,	Roux,	S.,	Denis,	D.,	Picaud,	S.,	&	chavane,	F.	(2015).	[Blindness	and	visual	rehabilitation.].	Journal	
Français	D'ophtalmologie.	http://doi.org/10.1016/j.jfo.2014.06.012	

Muller,	L.,	Reynaud,	A.,	Chavane,	F.,	&	Destexhe,	A.	(2014).	The	stimulus-evoked	population	response	in	visual	
cortex	of	awake	monkey	is	a	propagating	wave.	Nature	Communications,	5,	3675.		

Reynaud,	A.,	Masson,	G.	S.,	&	chavane,	F.	(2012).	Dynamics	of	Local	Input	Normalization	Result	from	Balanced	
Short-	and	Long-Range	Intracortical	Interactions	in	Area	V1.	Journal	of	Neuroscience,	32(36),	12558–12569.		

Reynaud,	 A.,	 Takerkart,	 S.,	 Masson,	 G.	 S.,	 &	 Chavane,	 F.	 (2011).	 Linear	 model	 decomposition	 for	 voltage-
sensitive	dye	imaging	signals:	Application	in	awake	behaving	monkey.	NeuroImage,	54(2),	1196–1210.		

Roux,	S.,	Matonti,	F.,	Dupont,	F.,	Hoffart,	L.,	Takerkart,	S.,	Picaud,	S.,	et	al.	(2016).	Probing	the	functional	impact	
of	sub-retinal	prosthesis.	eLife,	5.	http://doi.org/10.7554/eLife.12687	

Takerkart,	 S.,	 Katz,	 P.,	 Garcia,	 F.,	 Roux,	 S.,	Reynaud,	 A.,	 &	 Chavane,	 F.	 (2014).	 Vobi	 One:	 a	 data	 processing	
software	package	for	functional	optical	imaging.	Frontiers	in	Neuroscience,	8.		

Taouali,	W.,	Benvenuti,	G.,	Wallisch,	P.,	Chavane,	F.,	&	Perrinet,	L.	U.	(2016).	Testing	the	odds	of	 inherent	vs.	
observed	overdispersion	in	neural	spike	counts.	Journal	of	Neurophysiology,	115(1),	434–444.		
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J.-F.	 Sauvage	 (37y	 old)	 is	 the	 co-supervisor	 of	 the	 PhD.	 He	 is	 an	 adaptive	 optics	 researcher	 at	 ONERA	High	
Angular	Resolution	unit,	and	in	detachment	to	LAM	since	2015.	Starting	with	his	PhD	thesis	in	2007,	adaptive	
optics	has	always	been	the	core	of	J-F	Sauvage	research.	During	the	past	ten	years,	he	has	successfully	merged	
academical	ambitious	developments	and	a	strong	involvement	in	large	instrumentation	for	the	European	Very	
Large	 Telescope.	 The	 latest	 research	 highlight	 is	 the	 design	 development	 and	 integration	 of	 the	 extreme	
adaptive	optics	system	of	the	astronomical	SPHERE	instrument,	that	reached	the	first	light	of	the	instrument	in	
last	May	2014.	The	instrument	now	routinely	delivers	unprecedented	high	contrast	images,	including	a	recent	
result	 published	 in	 Nature.	 The	 co-supervisor	 is	 now	 involved	 in	 the	 co-supervision	 of	 2	 PhD	 Students	 in	
astronomical	domain	(one	in	collaboration	with	CNES	agency	started	end	2014,	and	one	in	collaboration	with	
Space	Telescope	Science	Institute,	Baltimore	started	end	2015).		
Apart	 from	 the	astronomical	domain,	 J.-F.	 Sauvage	 is	 involved	as	an	Adaptive	Optics	expert	 in	 the	European	
plateform	PEMOA	with	OPTITEC	also	partner	of	this	project.		
He	has	co-authored	more	than	20	publications,	4	being	as	first	author.		
Last	 PhD	 students:	Manal	 Chebo	 (2009-2012),	 Baptiste	 Paul	 (2011	 –	 2014),	 Olivier	 Herscovici-Schiller	 (2014-
2018),	Lucie	Leboulleux	(2015-2018).		
	
Recent publications with PhD students: 
Paul	 B.,	 Sauvage	 J.-F.	 and	Mugnier	 L.	M.	 Coronagraphic	 phase	 diversity:	 performance	 study	 and	 laboratory	
demonstration	[Journal]	//	Astronomy	&	Astrophysics,.	-	2013.	-	11	:	Vol.	552.	
Paul	Baptiste	 [et	al.]	Compensation	of	high-order	quasi-static	aberrations	on	SPHERE	with	the	coronagraphic	
phase	diversity	(COFFEE)	[Journal].	-	2014.	-	Astronomy	&	Astrophysics,	Volume	572,	id.A32,	7	pp.	
Paul	Baptiste	[et	al.]	High-order	myopic	coronagraphic	phase	diversity	(COFFEE)	for	wave-front	control	in	high-
contrast	imaging	systems	[Journal].	-	Optics	Express,	vol.	21,	issue	26,	p.	31751.	
Olivier	 Herscovici-Schiller,	 Laurent	 M.	 Mugnier	 and	 Jean-François	 Sauvage,	 An	 analytic	 expression	 for	
coronagraphic	 imaging	 through	 turbulence.	 Application	 to	 on-sky	 coronagraphic	 phase	 diversity.	 Accepted	 in	
MNRAS,	2017	
Olivier	 Fauvarque,	Benoit	Neichel,	Thierry	Fusco,	 Jean-François	Sauvage,	Orion	Girault,	General	 formalism	for	
Fourier	based	Wave	Front	Sensing,	Optica,	Vol.	3,	No.	12,	December	2016	
O.	Fauvarque,	B.	Neichel,	T.	Fusco	,	J.F.	Sauvage,	Variation	around	a	Pyramid	theme:	optical	recombination	and	
optimal	use	of	photons,	Vol.	40,	No.	15,	August	1	2015,	Optics	Letters	
	
Other	References	from	1.1	not	already	listed:	
Arieli,	A.,	Sterkin,	A.,	Grinvald,	A.,	&	Aertsen,	A.	(1996).	Dynamics	of	ongoing	activity:	explanation	of	the	large	

variability	in	evoked	cortical	responses.	Science	(New	York,	NY),	273(5283),	1868–1871.	
Berkes,	P.,	Orban,	G.,	Lengyel,	M.,	&	Fiser,	J.	(2011).	Spontaneous	Cortical	Activity	Reveals	Hallmarks	of	an	

Optimal	Internal	Model	of	the	Environment.	Science	(New	York,	NY),	331(6013),	83–87.		
Carandini,	M.	(2005).	Do	We	Know	What	the	Early	Visual	System	Does?	Journal	of	Neuroscience,	25(46),	10577–

10597.	http://doi.org/10.1523/JNEUROSCI.3726-05.2005	
DiCarlo,	J.	J.,	Zoccolan,	D.,	&	Rust,	N.	C.	(2012).	How	does	the	brain	solve	visual	object	recognition?	Neuron,	

73(3),	415–434.		
Lennie,	P.,	&	Movshon,	J.	A.	(2005).	Coding	of	color	and	form	in	the	geniculostriate	visual	pathway	(invited	

review).	Journal	of	the	Optical	Society	of	America	a,	Optics,	Image	Science,	and	Vision,	22(10),	2013–2033.		
Markov,	N.	T.,	Misery,	P.,	Falchier,	A.,	Lamy,	C.,	Vezoli,	J.,	Quilodran,	R.,	et	al.	(2011).	Weight	Consistency	

Specifies	Regularities	of	Macaque	Cortical	Networks.	Cerebral	Cortex,	21(6),	1254–1272.		
Pham,	P.,	Roux,	S.,	Matonti,	F.,	Dupont,	F.,	Agache,	V.,	&	Chavane,	F.	(2013).	Post-implantation	impedance	

spectroscopy	of	subretinal	micro-electrode	arrays,	OCT	imaging	and	numerical	simulation:	towards	a	more	
precise	neuroprosthesis	monitoring	tool.	Journal	of	Neural	Engineering,	10(4),	046002.		

Rust,	N.	C.,	Mante,	V.,	Simoncelli,	E.	P.,	&	Movshon,	J.	A.	(2006).	How	MT	cells	analyze	the	motion	of	visual	
patterns.	Nature	Neuroscience,	9(11),	1421–1431.	http://doi.org/10.1038/nn1786	

Serre,	T.,	Oliva,	A.,	&	Poggio,	T.	(2007).	A	feedforward	architecture	accounts	for	rapid	categorization.	
Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	America,	104(15),	6424–6429.		

	


